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Abstract 
A two-step method for stiffness distribution design with application to perpetual pavements is proposed. In the first step resultant 
stiffness of asphalt concrete layers is estimated using nomograms obtained via solution of three-dimensional problem of a layered 
half-space. As controlling parameter vertical strain in the soil base is used. In the second step simplified model of composite 
beam is applied to predict distribution of stiffness within the asphalt layers. In order to derive design formulas, criterion of 
equality of stiffness of composite beam’s cross-section and stiffness of a homogenous reference layer being a part of layered 
system, and criterion of horizontal tensile stress reduction at critical locations are used. Obtained formulas require input of 
thicknesses of individual layers and some material properties, including strain endurance limits. 
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1. Introduction 
Fatigue cracking of the top or bottom layers of pavement structure is one of the most common causes of 
construction deterioration [1,16]. As a solution to that problem a concept of long-life (perpetual) pavement was 
developed. Perpetual pavement is an asphalt concrete structure designed to survive for long period of time (typically 
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30 to 50 years [16]) without mayor damage [6]. During this time the construction may need resurfacing to maintain 
good riding quality and other functional conditions of a pavement [5,6,8,9,10]. 
The design of perpetual pavement is a complex problem due to a multiple criteria and considerable amount of 
data regarded for structure dimensioning [7,16]. For a pavement structure to endure 50-years period, it is necessary 
to limit rutting, surface-down cracking, low-temperature cracking, alligator cracking and international roughness 
index (IRI) [7]. To fulfill the preceding requirements asphalt structure must be thick enough – above 25cm  
[11,14,16]. Structures of thickness above 40cm  are generally long-life pavements regardless of stiffness 
distribution. However in the range 25cm  to 40cm  the materials of individual layers must be carefully chosen to 
meet the mentioned criteria. 
In the proposed two-step method of stiffness distribution design for perpetual pavements, solutions of problems of 
theory of elasticity are utilized to fulfill the crucial criteria regarding structural rutting and fatigue cracking. In the 
first step of the analysis a problem of a layered half-space loaded over a circular region on its surface is solved. The 
investigated system consists of the top homogenous asphalt layer resting on an engineered subbase of granular 
material, which is supported by a half-space being a soil base, see Fig. 2. The thickness and elastic modulus of the 
homogenous layer of asphalt are estimated by limiting vertical strain on the top fibers of soil base, which prevents 
structural rutting. Solution of the regarded boundary valued problem cannot be expressed via closed forms, therefore 
nomograms based on numerical calculations are presented. The extreme values of stress and strain are located on the 
axis of symmetry. Additionally, the distributions of stress and strain across the layers are approximately linear when 
stiffness of asphalt concrete is at least one order of magnitude higher than other layers [3,14]. These facts indicate 
that the subsequent analysis can be limited to bending of the critical cross-section located on the axis of symmetry. 
In the second step of the analysis model of a layered composite slab (beam) consisting of three asphalt concrete 
layers is used, where Poisson’s ratios are equal for all materials used [3,14,15]. Adopting further simplifying 
assumptions elastic moduli for individual layers are determined. 
The commonly used design techniques are quite complicated and time consuming [1,16]. Presented approach 
allows to find a distribution of stiffness when the proportions of layers thicknesses are set, which can be used as a 
separate method of pavement design or may serve for a primary selection of input parameters values for a more 
complex procedure. Parametric study can be easily performed using simplified model. 
2. Two-step method for dimensioning of perpetual pavement structure 
The essence of perpetual pavement design is to find thicknesses and material properties of individual asphalt 
layers, sufficient to sustain assumed load. In present analysis only fatigue cracking and rutting are considered as they 
are the two main causes of structure damage. Used herein criteria involve maximum horizontal strain in asphalt 
layers and minimum vertical strain in bearing soil foundation. Assuming proportions of layers thicknesses, F  and 
G , see Fig. 1, the distribution of stiffness across pavement structure is determined, i.e. 1E , 2E  and 3E . 
 
 
  
Fig. 1. Typical structure of perpetual pavement. Fig. 2. Boundary valued problem of asphalt concrete layer on subbase and 
supported by soil base. 
A typical perpetual pavement (Fig. 1) consist of three asphalt layers based on a granular subbase which is 
supported by a soil substratum. The material of each layer must be chosen adequately to its purpose [6]. Asphalt 
layers differ in binder content and size and shape of aggregate. The upper, surface layer (wearing course) is 
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responsible for providing appropriate riding conditions (friction, noise, skid resistance etc.), durability and resistance 
against surface rutting [1,6]. Its thickness ranges from 2.5cm  to 10cm  [6,16]. The main purpose of the second 
(intermediate) layer is carrying traffic load, thus it is required to possess a high elastic modulus and relatively the 
greatest thickness – 10cm  to 25cm . The bottom layer (base layer) is designed to endure maximum tensile stress. It 
has to be fatigue-resistant, consequently it is less stiff than the intermediate layer, which is usually achieved by 
increasing binder content. The thickness of base layer is between 7.5cm  and 18cm . In consequence the interior 
layer must have the highest elastic modulus, while the other layers should be more compliant.  
To prevent fatigue cracking, maximum strain in base asphalt layer HH  has to be restricted to 60 70HH PHf  y  
(microstrain), whereas the extreme vertical strain in foundation VH  cannot exceed 200VH PHf   [6,11,16].  
The proposed procedure contains two steps, in the first of which the elastic modulus of intermediate layer and 
overall stiffness of a system of asphalt layers are determined on the basis of solution of a 3D boundary valued 
problem of elasticity. The aforementioned criteria are used to ensure pavement’s durability and stability. The second 
step provides the designer with a tool to predict stiffnesses of the wearing course and base layer on the grounds of a 
simplified model of composite beam [13,15]. 
2.1. Criterion for limiting vertical strain in soil substrate and horizontal strain in asphalt layers 
To make use of criteria limiting strains, a three layer system of a pavement is considered. The system consists of 
the top layer made of asphalt concrete (with parameters AE , Ah , AQ ) resting on the subbase intermediate layer ( PE , 
Ph , PQ ), supported by soil base being a half-space ( E , Q ), as shown in Fig. 2. All materials are assumed to be 
linearly elastic, isotropic and homogenous. The surface is subject to uniform normal loading q , applied over a circle 
area of radius a . 
Regarded boundary valued problem is an axially symmetric three-dimensional problem of elasticity, which can 
be solved by means of stress function method [3]. Appropriate stress function for ith layer is the following: 
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where 1i   is for the asphalt concrete, 2i   for the subbase and 3i   for the base half-space for which components 
containing zeK are omitted. The layers and half-space are fully connected to each other, i.e. fulfilling conditions: 
1i i
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 ,     1i ir ru u
 , 1i izz zzV V
 , 1i irz rzV V
 ,  (2)
compare [3] for additional details. Assumptions (2) reflect typical flexible pavement behavior at the joints between 
components of pavement structure. Displacement, strain and stress components, resulting from the considered 
boundary valued problem, allow for estimation of extreme values, which are used as controlling parameters in 
design procedures [2,4,11]. Controlling parameters are located on the axis of symmetry, therefore all graphs 
presented below apply to points with the radial coordinate 0r   (Fig. 2). 
In mechanistic approach for the design of flexible pavements several criteria are used for determination of 
thickness and stiffness of individual layer. For repeated loading fatigue criterion regarding the tensile zone of a 
pavement structure is used. The controlling parameter in this case is maximum horizontal strain HH  or stress HV  in 
the bottom fibers of asphalt concrete layers [1,4,5,8,12]. To eliminate structural rutting being a result of excessive 
settlement of base, vertical strain VH  or stress VV  at the top of soil base are used as controlling parameters 
[1,3,4,10].  
Fig. 3 and 4 show dependence of strain and stress tensor components at selected points upon the top layer’s 
elastic modulus AE  and thickness Ah . The vehicle loading is represented by uniform load 800q kPa  applied over 
a circular region of radius 15a cm , which matches axle load of 115kN . The following typical parameters were 
assumed: 0.2PE GPa  and 0.20Ph m  for subbase, 0.1E GPa  for soil, and 0.3P AQ Q Q   . 
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The values of vertical stress VV  and strain VH  in top fibers of soil are taken into consideration in rutting 
criteria, while fatigue criteria limit the values of horizontal stress HV  or strain HH  in bottom fibers of asphalt layer. 
Both considered strains, HH  and VH , and stress VV decrease with AE  and Ah increasing, see Fig. 3a and Fig. 4. 
The values of strains in soil base are two to four times greater than those in asphalt. The values of horizontal, tensile 
stress at the bottom of asphalt layer show a reverse tendency to change with the layer’s parameters – HV  increases 
with AE  and Ah  increasing, see Fig. 3b. Presented nomograms show that with Ah  fixed, the criteria involving HH , 
VH  and VV  result in prediction of minimum required stiffness of asphalt layer, while criterion regarding HV yields 
maximum allowable AE . 
 
a)                  b)  
Fig. 3. a) Horizontal strain and b) horizontal stress at the bottom of asphalt layer on the axis of symmetry. 
a)                 b)  
Fig. 4. a) Vertical strain and b) vertical stress at the bottom of asphalt layer on the axis of symmetry. 
It should be noted that the value of horizontal strain at the top of the asphalt layer, is approximately equal to HH , 
which is one of the premises allowing to reduce this three dimensional problem to bending of composite beam 
[1,3,14].  
In pavement design, limiting strain criteria are more often used than limiting stress criteria. It is caused by the 
fact that the ultimate strain for asphalt is nearly constant, independent of strain rate or temperature during tests 
[2,12]. In the proposed design procedure the following criteria are used: 
H HH H fd ,      V VH H fd ,  (3) 
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where HH f  and VH f are endurance limits for asphalt and soil respectively. On the basis of rutting criterion (3)2 the 
minimum stiffness AE  of homogenous asphalt layer will be obtained for fixed VH f  and calculated Ah . Fatigue 
criterion (3)1 will be checked at the end of the analysis. 
2.2. Distribution of stiffness in a layered asphalt pavement  
In the second step of the proposed procedure the choice of stiffness for wearing course and base layer is made. 
Having set the resultant stiffness of the asphalt layers and the stiffness of intermediate layers, formulas for the 
sought parameters are derived. Both horizontal strain and stress have approximately linear distribution over the 
thickness of the asphalt layer [3,14] with extreme values reached on the axis of symmetry and at the top or bottom 
fibers. Due to this premises one could simplify a three-dimensional problem to a bending of a composite beam 
depicted on Fig. 5, which accounts for previously regarded structure behavior on the symmetry axis 0r  . 
A cross-section of a three-layer system made of asphalt concrete is considered, as shown in Fig. 5. The following 
assumptions are made: 1) Poisson’s ratios are the same for all layers while elastic moduli of external layers are 
smaller than Young’s modulus of the intermediate layer; 2) joints between the layers fully transfer shear stress 
allowing for usage of the plane section hypothesis; 3) the resultant stiffness of regarded composite structure equals 
to the stiffness of the reference homogenous asphalt layer analyzed in subsection 2.1; 4) relation between the 
stresses at the bottoms of intermediate and base layers is assumed as a parameter, see equation (8) below.  
 
 
Fig. 5. Strain and stress distribution along the depth of asphalt layers in a three-layer system. 
The following dimensionless coefficients are defined: 
1
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which are ratios of thicknesses and elastic moduli of exterior layers compared to the intermediate layer. 
Location of the neutral axis of bending, Cz , is found from the null value of resultant normal force. The 
constitutive equations for individual layers have the form of: k kEV H , 1, 2, 3k  . Due to the plane section 
hypothesis, the curvature N  defines strain in cross-section according to relationship zH N . Using the above 
information the neutral axis location is obtained: 
0N  then  
 
2
2
1 2 2 2
2 1C
z h
G G E F F G D
EG DF
    
 
 
.  (5)
Resultant moment is obtained by integration of the stress multiplied by distance from the neutral axis, i.e.: 
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where S  is a resultant bending stiffness of the layered composite beam cross-section, expressed as: 
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.  (7) 
Having established values of the coefficients F  and G , assumptions are made on distributions of stress and the 
resultant stiffness of the structure. Firstly, the following condition on stresses reduction at the bottoms of the 
intermediate and base layers is applied: 
*
3
*
2
V\
V
 ,     which implies the equation:             
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.  (8) 
The stresses at bottoms of intermediate and base layers are almost equal for typical asphalt pavement [11,14], 
therefore it is recommended to assume that 1\  . 
The stiffness S is the most important parameter influencing reduction of loading transferred to the soil substrate, 
thus is it used to relate to the model analyzed in the previous subsection. The second condition specifies relation 
between stiffness of a homogenous asphalt layer HS  and S , i.e. HS S , where 
3 /12H A AS E h . Setting then 
2 AE E  and using equations (7) and (8) one can derive the following polynomial equation of the third degree: 
3 2
3 2 1 0 0a a a aE E E    , where:  (9) 
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A closed form solution for E  of equation (9) can be found, but is too long to present it here. 
For a symmetric system of layers, i.e. for D E  and G F , the dimensionless stiffness and geometrical 
coefficient J  defined by conditions (7) and (8) can be expressed as: 
1 2
\E
F
 

,         1/33 3 2J \ E \ E E ª º  ¬ ¼ .  (10) 
Dependence of dimensionless stiffness E  and thickness J  upon F  for a symmetrical system of asphalt layers 
according to (10) is shown on Fig. 6. In the range of F  typically used in pavement structures, the elastic moduli of 
external layers should account for 50 to 67% of the internal layer modulus. Conditions (8) and (9) implicate that 
with increasing external layers relative thickness, the required stiffness decreases, while the multiplication of 
homogenous layer thickness J  increases - its value varies from 1.1 to 1.2.  
 
a)                       b)  
Fig. 6. Dimensionless coefficients of a) stiffness ȕ and b) thickness Ȗ depending on Ȥ for a symmetric system of layers for ȥ=1. 
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On Fig. 7 nomograms of dimensionless stiffnesses D  and E  versus F  and G  for a non-symmetric system of 
three layers are presented. The required stiffnesses of both external layers decrease with their thicknesses’ increase. 
As it is shown in Fig. 8, the choice of thickness of the base layer have greater influence on the resultant D  or E  
than the choice of thickness of the top layer – for G  fixed dimensionless stiffnesses are approximately constant, 
regardless of F  change. The range of variability of stiffness of the wearing course,   20.4 1.0 Ey , is wider than for 
the base layer,   20.4 0.6 Ey . 
 
a)             b)  
Fig. 7. Nomograms of dimensionless coefficients a) Į, b) ȕ of stiffness for Ȗ=1.15 and ȥ=1 for a non-symmetric system of layers. 
a)                      b)  
Fig. 8. Dimensionless coefficients of stiffness for Ȗ=1.15 for a non-symmetric system of layers for fixed a) Ȥ=0.25, b) į=0.5. 
It should be noted that conditions (8) and (9) do not guarantee the existence of D  and E  for arbitrary chosen F  
and G . There are domains, where it is impossible to provide D  less than one and greater than 0, compare Fig. 7. 
The existence of proper solution is dependent on selected J , but it can be set 1 what should result in 2 AE Ez . 
2.3. The two-step method – procedure of design 
During use the two-step method designer proceeds with the following steps. The input data contain thickness of 
individual asphalt layers, as well as thickness and properties of subbase and soil. Among required data are also 
endurance limits for asphalt HH f  and soil VH f  and coefficient \ . 
The next step of the procedure requires J  to be determined. It can be evaluated from equations (10), assuming 
the dimensionless thickness of an equivalent symmetric system as average of thicknesses for considered structure, 
i.e.   / 2F F Go   in (10)1. Coefficient J  has to be greater than 1. On the basis of its value, the equivalent 
thickness of a homogenous asphalt layer Ah  is obtained. 
From a nomogram  ,V A Ah EH  the elastic modulus AE  of reference homogenous asphalt layer is read of to fulfill 
condition (3)2. The modulus of intermediate layer of composite beam 2E  herein is equal to AE . 
The second step of analysis concerns model of composite beam. On the basis of equations (9) and (8) the 
dimensionless coefficients D  and E  are acquired, therefore moduli of external layers are determined. The resultant 
values can be rounded up, compare Subsection 2.1. 
The last stage is to verify fatigue criterion (3)1 for the bottom fibers of composite beam *H , see Fig. 5. For AE  
and Ah  from nomogram  ,H A Ah EH  one can obtain the value of horizontal strain at the bottom of equivalent 
homogenous layer HH . Making use of plane section hypothesis resulting in zH N , formulas for *H  in composite 
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beam and HH  in a homogenous asphalt layer are derived. The required value of *H is obtained assuming that 
curvatures of pavement structure for half-space and composite beam models are equal: 
* CzH N , 2
A
H
hH N   
 2
2 1 1
*
1 2 2 2 H H
DF E G F G
H H H
J G G E F F G D f
   
  d
ª º    ¬ ¼
 (11) 
Note that in most cases the rutting criterion governs dimensioning of perpetual pavements [16]. 
The proposed design procedure is illustrated by the following working example: the input data are: 1 3.5h cm , 
2 15.0h cm , 3 7.5h cm , 
360 0.06 10HH PH

f    , 
3200 0.2 10VH PH

f     and 1\  . The dimensionless 
coefficients are found: 3.5 /15.0 0.233F   , 7.5 / 15.0 0.500G   . For average value  0.5 0.233 0.500 0.367  , 
1.15J  is determined using relations (10). The thickness of equivalent homogenous layer is calculated 
(3.5 15.0 7.5) /1.15 26.2Ah cm    , then the value of elastic modulus 2 9AE E GPa   is established for assumed 
VH f  from Fig. 4a. Using equation (9), 0.474E   is calculated, then applying relation (8) the value of 0.749D   is 
obtained. Using (4) the moduli of external layers are determined 1 7.6E GPa  and 3 4.3E GPa . In order to verify 
fatigue criterion, from Fig. 3a for 26.2Ah cm  and 9AE GPa  the value of equivalent strain 
30.07 10HH
  is read 
of. Using equation (11) strain at the bottom of composite beam is calculated 3 3* 0.055 10 0.06 10 HH H
 
f     . 
3. Final remarks 
Perpetual pavement design is a long-lasting process requiring a large amount of input information. For short-term 
projects performing such complicated analysis is too time-consuming, therefore simplified two-step method of 
design involving basic criteria is presented. 
In the two-step method two models of pavement structure are considered. First step of the procedure requires 
creating appropriate nomograms, illustrating solution for a problem of layered half-space loaded uniformly on 
circular area, used in regular pavement design. The nomograms should cover whole range of variability of 
parameters – elastic moduli and Poisson’s coefficients of soil and subbase, as well as subbase’s thickness. In the 
second step of analysis model of composite beam is considered. The formulas for obtaining resultant elastic moduli 
for individual asphalt layers are derived. It should be noted that the two-step method can be used to solve the inverse 
problem – selecting layers’ thicknesses for set stiffness, for details see [13,15]. The proposed method can also be 
understood as an effective way of converting regular dimensioning of pavement structure to perpetual one. 
The proposed model takes into account limitations regarding rutting and fatigue caused by vehicle load. One of 
other important reasons of pavement distress are daily temperature oscillations during winter season, which can be 
modeled as a problem of non-stationary heat flow in a layered half-space. Effects of sudden temperature drops can 
be superposed to the effects of vehicle load. 
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